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 Abstract 
Abrasive flow machining (AFM) is an abrasive machining process used to machine internal geometries like bores in terms of 
deburring and finishing the surface with high performance. A silicate-based medium is forced through the internal geometries of a 
work piece by a hydraulic cylinder. The medium contains a certain amount of abrasive particles like carbide or diamond which 
influence the removal rate and surface quality. E.g. components of fuel injection systems are treated with the process in order to 
withstand higher internal pressures. One goal is the improvement of the surface quality whereas the other one is the reduction of 
stress concentrations at bore intersections due to the abrasive deburring and defined rounding. This paper presents results of a 
parameter study that was used to identify the influence of medium pressure and lead time on the surface quality and form tolerance. 
A commonly used automotive steel AISI 4140 was used for the investigation. Additionally, an in-process measurement setup was 
developed in order to measure the influence of the applied medium pressure on the machined part of the work piece with the help of 
an axial force sensor. 
 
© 2012 Published by Elsevier BV. Selection and/or peer-review under responsibility of Prof. Konrad Wegener 
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1. Introduction 
If hydraulic components are subjected to a pulsating 
internal pressure load the risk increases that cracks 
establish. Such failure critical areas are e.g. internal bore 
intersections. Abrasive flow machining (AFM) is a high 
performance cutting process used to achieve a very good 
and reproducible surface finish within pressurized 
components. Simultaneously, stress concentrations at 
bore intersections are reduced by generating defined 
edge roundings. Defined roundings are also mandatory 
in terms of the hydraulic flow inside the system. 
Negative effects like cavitation have to be avoided as 
they can cause severe damage. Components of common 
rail diesel injection systems such as injectors, distributor 
rails or high pressure pumps, are popular examples for 
these demands. They have to withstand pressures of 
2,200 bar and higher for at least 250,000 km. 
Process results, like removal rate, surface finish and 
axial force depend on pressure as main process 
parameter, work piece geometry and the behavior of the 
medium. Therefore, the first part of the presented 
investigations deals with the basic process parameters of 
the used AFM setup. Material removal, surface finish 
and roundness measurements are performed for a given 
AFM medium depending on the applied piston pressure 
in order to verify the process parameters. Additionally, 
the second part of the paper presents an in-process 
measurement setup using a commercially available axial 
force sensor applied to an adapter. The applicability and 
repeatability of the setup is discussed. 
2. State of the art 
AFM is an abrasive cutting process where a polymer-
based pliable carrier medium with abrasive particles is 
forced through not easily accessible internal geometries. 
Frequently used abrasives are aluminum oxide, silicon 
and boron carbides or diamond which influence the 
removal rate and surface quality [1, 2]. The surface 
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finish can be optimized by using smaller grain sizes or 
higher concentrations of the abrasive grains [3, 4]. 
Another important medium parameter is the viscosity of 
the carrier medium. Here, a higher viscosity leads to 
higher removal rates and a better surface finish [5]. AFM 
is applicable to deburr or round bore intersections and to 
uniformly improve the surface quality. Hence, the form 
tolerance should not be affected. However, BORCHERS 
reported that inappropriate fixture design can lead to 
uneven material removal and cause roundness errors [3]. 
On the other hand RAJU et al. found in their results an 
improvement of the roundness error [6]. Due to these 
contrary findings, the influence on roundness errors will 
be regarded during the investigation. 
A number of soft materials like aluminum and brass 
[7] as well as steel [8, 9] have been studied. The here 
investigated steel AISI 4140 is commonly used for high 
stressed components in the automotive industry and 
mechanical engineering. The piston pressure and the 
number of performed cycles are the most important 
machine parameters. The applied piston pressure is 
documented in [6, 10] with mainly rather low settings of 
10 to 16 bar. GORANA et al. varied the piston pressure 
in a higher range between 40 to 80 bar and showed the 
influence of piston pressure on surface improvement and 
the applied forces [11]. However, the in-process 
monitoring of process parameters is a task which is 
difficult to perform. Some approaches have been 
performed by applying acoustic emission sensors [12] or 
strain gages [11], but the applicability in batch 
production is still a challenging task. 
3. Experimental setup 
3.1. AFM machine setup 
The investigations were performed by using an 
ExtrudeHone Vector AFM machine equipped with two 
vertically-opposed media cylinders. Only the lower  
 
 
cylinder was used for the one-way AFM. Fig. 1 shows 
the machine and the corresponding description. The 
medium was extruded to a collecting tray and refilled 
manually into the lower medium cylinder. Piston 
pressure was adjustable between 28 and 105 bar. 
3.2. AFM fixture 
AFM fixture or tooling is important to clamp the 
work piece and to guide the abrasive medium. In order 
to design a flexible fixture the setup in Fig. 2 was used 
to adapt a variety of different work pieces.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Center pins are used to mount the whole fixture above 
the lower medium cylinder. The diameter of the main 
bore in the fixture block is 100 mm and equal to the 
diameter of the lower medium cylinder. The fixture 
block is closed with a removable cover plate and 
clamped between the hydraulic clamp cylinders. Re-
filling of the lower medium cylinder after each extrusion 
cycle is possible by removing the cover plate. In order to 
ensure a certain flexibility, the outlet of the fixture can 
be adjusted by using different adapter pieces. A 
clamping is used to hold each adapter, fixed to the 
clamping block by a screw fitting. The medium exits 
unguided at the outlet side of the part, hence an 
influence on the roundness value is expected due to bell-
mouthing as described in [3]. 
3.3. AFM medium 
Throughout the entire experimental investigation a 
ready-made high viscosity medium was applied. The 
medium consists of a polymeric carrier medium with 
certain additives and abrasive grains. The available 
characteristics of the medium are summarized in Table 
1. Information about the used additives or any other 
rheological properties was not accessible by the vendor. 
The average grain size was measured by using a digital 
microscope. 
Table 1: Characteristics of the applied AFM medium 
Medium trade name EM24640 
Density 1,9 g/cm3 
Fig. 1: Applied ExtrudeHone Vector AFM-machine 
Fig. 2: Flexible clamping block 
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Material of abrasive grains Aluminum oxide 
Average size of abrasive grains 300 – 600 μm 
4. Layout for basic one-way AFM investigation  
4.1. Work piece geometry and material 
The basic experiments were conducted by using 
cylindrical work pieces of the high strength steel 
AISI 4140 with an ultimate strength of 1,073 MPa and 
Young’s modulus of 211,000 MPa. The geometry of the 
work pieces included an axial bore of 6 mm in diameter 
and a passage length (LP) of 60 mm. The bore 
represented the investigated passage and is shown in Fig. 
3.  
 
4.2. Process Chain for evaluation 
The parts were machined with a one-way AFM 
process. After each machining cycle the work pieces 
were cleaned and measured. In order to clean the work 
pieces from residuals of the AFM medium, they were 
put for 10 minutes at 30°C into an ultrasonic bath. The 
cleaning additive Tickopur R33 was added to achieve a 
clean surface. Subsequently, the surface roughness of the 
work pieces was measured using a Mahr MarSurf XR20 
surface metrology system. The resolution was as small 
as 0.076 μm at a measurement range of +/- 25 μm. Both 
parameters, Ra and Rz, according to ISO 4287, were 
measured at five axial measurement positions and at a 
rotation of 0 or 180 degree, respectively. Finally, the 
diameter was measured with circular scans at five 
measurement positions as displayed in Fig. 3. Here, a 
ZEISS Prismo 3D-metrology machine with an accuracy 
of +/- 2 μm was used. The roundness was evaluated 
according to ISO 1101. 
5. Layout for in-process axial force measurement 
5.1. Work piece geometry and material 
The experiments for investigating the axial forces 
were conducted with work pieces combined from an 
adapter part and five different end pieces. The adapter 
was used in three variants with a varying LP of 50 mm, 
100 mm and 150 mm. All three variants had a bore 
diameter of 10 mm and were made of the machining 
steel AISI 12L13. The inlet was designed according to 
the flexible clamping block and included a cone. The 
end pieces were designed to represent AFM machining 
for realistic work pieces. Each end piece had a certain 
geometry combined of an outlet diameter (d) and a cone 
angle (C) as is illustrated in Fig. 4. The end pieces were 
composed of AISI 4140 by drilling and countersinking 
(in case of C1 and C2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.2. Measurement technique 
In order to acquire a sufficiently fast and precise force 
signal, an HBM Gen5i high-speed data acquisition 
system was used. It integrates an industrial PC, data 
acquisition and transient recording system in one 
portable system. Sampling was performed with 1 kS/s 
with a resolution of 16 bit by using the plug-in isolated 
bridge amplifier card. Previously to the presented 
investigation some effort had been made in order to 
identify a suitable in-process measurement set-up. A 
commercially available one-component force sensor was 
chosen to measure predominantly the axial force 
component and its sensitivity depending on the varied 
parameters.  
The FUTEK LTH350 sensor had a range of +/- 2,224 N 
and a maximum non-linearity deviation of +/- 0.5 %. 
This leads to a maximum non-linearity error of 
approximately 11 N. The sensor is not in contact with 
the medium which is a great advantage compared to 
already existing measurement set-ups. 
6. Results and discussion 
6.1. Basic one-way AFM investigation  
Eight parts were used for the basic investigation. 
They were subjected to four different AFM piston 
pressure levels of 40 bar, 50 bar, 60 bar and 70 bar, i.e. 
two parts per pressure level. The parts were treated with 
Fig. 3: Work piece for basic investigations 
Fig. 4: Adapter and end pieces
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15 AFM cycles, with every cycle being equivalent to one 
full extrusion of the lower medium cylinder or 5 kg of 
medium, respectively. The cycle time varied 
significantly with the piston pressure. One cycle with 
40 bar took about 100 s whereas another cycle with 
70 bar took only about 20 s. Fig. 5 shows the influence 
of the number of cycles on the Ra-value. Zero cycles 
indicate the initial Ra-value before AFM. The upper 
diagram shows the mean Ra-value for two parts at the 
same pressure level whereas the lower four diagrams 
show the single plots for every work piece with the 
corresponding standard deviation. Regardless of the 
applied piston pressure or the initial Ra-value, all Ra-
values tend to converge to a minimum value at around 
1 μm. Hence, the minimum Ra-values seem to be limited 
by the effective grain size. This observation is consistent 
to the findings presented in [3, 4]. The standard 
deviation decreases with increasing AFM cycles and 
also with increasing piston pressure, i.e. the AFM 
process leads to a uniform and consecutive smoothing of 
the surface at all measurement positions. In order to 
identify the influence of the pressure level itself, Fig. 6 
shows the reduction in Ra by looking at the difference 
between initial and resulting Ra-values. AFM machining 
with the highest pressure at 70 bar will reach its 
minimum Ra-value much faster (7 cycles) than the other 
three pressure levels. In case of the 40 bar pressure level 
it is evident that the surface finish improvement is not 
completed yet. From the perspective of cycle time higher 
pressures lead to much faster results. Yielding the same 
Ra-value machining with 70 bar piston pressure will in 
this case be five times faster than machining with 40 bar. 
The same results were obtained for the investigated Rz-
values. Independent of the applied piston pressure and 
the initial Rz-value between 18 μm and 25 μm, all Rz-
values tend to converge to a minimum of about 5 μm.  
Fig. 7 shows the removed chip volume depending on 
the number of cycles, VCHIP,AFM as described in Eq. (1) in 
order to study the material removal rate of the AFM 
process for the given process parameters and material. 
This value was chosen in order to achieve a comparable 
measure to conventional cutting processes which often 
use the removed chip volume per time in [cm³/min.].  
P
2
CYLINDER
AFMCHIP, L4
)d(ʌV ⋅Δ⋅=
  
(1)
The widening, as the difference of the passage 
diameter before and after one cycle AFM machining, is 
described as ǻdCYLINDER whereas the machined passage 
length is defined as LP. Chip volume increases as a 
quadratic function with the number of cycles and the 
piston pressure. Following Eq. (1) this leads to the 
consequence that the diameter increases linearly with the 
number of cycles and piston pressure. This behavior can 
be observed at all measurement positions but the amount 
of removed material is different along the length of the 
passage. Due to the unguided medium draining at the 
end of the passage, a so-called bell-mouthing effect is 
observed in accordance to [3]. In case of Ra and 
VCHIP,AFM  this effect is negligible for the here presented 
results. However, in case of the form tolerance this 
effect needs to be considered. Table 2 presents the 
change in roundness for all measurement positions and 
Fig. 5: Ra vs. number of cycles and piston pressure 
Fig. 6: Ra reduction vs. number of cycles and piston pressure 
Fig. 7: VCHIP,AFM per number of cycles and piston pressure 
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Table 2: Change in roundness after 15 cycles in μm 
  40 bar 50 bar 60 bar 70 bar 
Po
si
tio
n 
X1 -6 -2 1 7 
X2 -6 -9 1 5 
X3 -14 -6 6 5 
X4 6 0 19 9 
X5 2 4 19 11 
pressure levels. Values with positive change in 
roundness are marked with a grey background. They 
indicate roundness degradation. 
It can be observed that the change in roundness 
worsens along the passage length from inlet to outlet 
(X1 to X5). This is due to the bell-mouthing effect. 
Additionally, the change in roundness degrades with 
increasing piston pressure. Overall, the influence of 
measurement position and piston pressure is small but 
existent. When roundness becomes important for the 
function of the passage, special care should be taken in 
fixture design and lower piston pressures should be 
applied. 
6.2. Investigation of axial forces 
The experimental set-up for the investigation of the 
axial forces is given in Fig. 8. The flexible clamping 
block was used to hold both the adapter and the force 
sensor. In order to ensure that the adapter was freely 
mounted in the X-axis, there was a clearance fit between 
the clamping block and the adapter. Additionally, the 
clamping served as a spacer to provide the same 
conditions in all experiments. The sum of the axial force 
FAX that is at work at the adapter was measured with the 
axial force sensor. This measured value of FAX is divided 
into the friction force (FF) and the force working at the 
cone (FC). The friction force is comprised of two 
components: the friction force along the lateral surface 
of LP (FF,L) and the friction force related to the lateral 
surface of the inlet cone (FF,C). Furthermore, the cone 
force (FC) represents the axial force component of the 
inlet cone resulting from the narrowing of the diameter. 
The following calculations are based on the equilibrium 
of forces given in Eq. (2). 
CCFLFCFAX FFFFFF ++=+= )( ,,
 
(2)
In order to draw conclusions from the measurement 
of FAX, some basic investigations were performed. First, 
LP was varied between 50 mm, 100 mm and 150 mm. 
Secondly, the influence of three different piston 
pressures was investigated for the adapter with an LP of 
150 mm. The resulting forces are shown in Fig. 9a and 
Fig. 9b. Finally, five different end pieces, Fig. 4, were 
mounted to the adapter with LP = 150 mm in order to 
identify the influence of the inner passage geometry on 
the measured value of FAX, see Fig. 10.  
Fig. 9a shows a linear behavior of FAX depending on 
the adapter length. The coefficient of determination, R², 
gives a certainty of 100 %. The gradient yields an FAX 
change of approximately 260 N per LP = 50 mm. As 
only LP was increased while the inlet of the adapter was 
unchanged, this 260 N can be entirely attributed to FF,L. 
When defined as the friction per lateral surface of the 
bore this value yields a friction factor of 0.17 N/mm² for 
a given LP of 50 mm and a bore diameter of 10 mm. If 
the friction factor is transferred to the lateral surface of 
the cone, which is calculated by using the outer and 
inner diameter of the cone, the second component FF,C 
can also be calculated. Based on this result, FF is 
calculated as shown in Table 3. Following Eq. (2) FC can 
also be concluded and is small compared to FF. 
Table 3: Calculation of forces at work 
LP  [mm] 50  100  150 
FAX [N] 413 671 929 
FF,L [N] 262 523 785 
FF,C [N] 78 78 78 
FF = FF,L + FF,C [N] 340 601 863 
FC = FAX-FF [N] 74 69 66 
 
 
 
 
As shown in Fig. 9b, increasing the piston pressure 
also leads to a linear increase in FAX with a coefficient of 
determination of 97 %. The gradient yields an increase 
of approximately 19.3 N per bar pressure. When 
Fig. 9: FAX for a) three adapter lengths at 40 bar piston pressure and b) 
the 150 mm adapter with three different piston pressures 
Fig. 8: Experimental setup with force sensor 
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comparing absolute values of different measurement 
trials, this value becomes important. Pressure adjustment 
can be performed with an accuracy of around +/- 2 bar, 
i.e. +/- 38.6 N. However, this error becomes negligible 
when comparing measurements within the same pressure 
level adjustment. Additionally, the medium temperature 
would be another source of uncertainty, but it was found 
to be negligible as well when using the same adapter for 
all end pieces.  
Fig. 10  shows the influence of the different end piece 
geometries. The end piece labeled with “W/O” was used 
to identify the reference measurement without end piece. 
Interestingly, FAX increases mainly with the passage 
length by approximately 6.3 N/mm and only minor with 
the internal passage geometry of the end piece. End 
piece D1 was only an extension of the adapter passage. 
The different internal geometries of end pieces D2, D3, 
C1 and C2 only account for an additional 18 to 21 N in 
FAX. When compared to each other there is no significant 
difference observable. As a consequence it can be 
concluded that the length of the additional passage 
length is the main influence on FAX.  
 
 
 
 
 
 
 
 
 
 
 
 
 
7. Conclusions and outlook 
Basic one-way AFM investigations were performed 
by using a high viscosity medium with aluminum oxide 
abrasive particles. The machined work pieces made of 
AISI 4140 showed a significant surface improvement in 
Ra and Rz after 15 AFM cycles. Higher piston pressure 
will lead much faster to the desired surface finish. In 
order to compare AFM with traditional processes like 
grinding VCHIP,AFM was defined and calculated from 
geometry measurements. Depending on the applied 
piston pressure it was found to be between 0.1 and 
0.6 cm³ after 15 cycles. The roundness values showed 
significant dependence on the measurement position 
inside the machined passage as well as the applied piston 
pressure. The change in roundness worsened with both 
parameters. In case of the measurement position this can 
be accounted to the bell-mouthing effect. This should be 
taken into account when form tolerance is a critical 
design parameter. 
Furthermore, a suitable in-process measurement set-
up was presented, verified and applied for basic 
investigations. It was concluded on the basis of the 
chosen measurement setup that FAX increases linearly 
with passage length and applied piston pressure. In case 
of the used end pieces it was found that the length of the 
passage is the leading influence on FAX and not the 
passage geometry. In case of the inlet side of the adapter, 
the cone contributes maximal 74 N to the measured 
value of FAX. Overall, the friction component of the 
overflown lateral surface is the leading influence on the 
measured FAX.  
Future investigations will focus on further parameter 
variations like initial surface finish or complex passage 
and end piece geometries. The axial force measurements 
will be used as input and comparison for newly 
developed FEA simulations. 
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Fig. 10: FAX for different end piece geometries at 45 bar piston 
